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Thermoelectric  generators  (TEG)  are  cost  effective  solid-state  devices  with  low  thermal  efficiencies.  The 
limitations,  due  to  the  operational  temperature  of  the  thermoelectric  materials,  suppress  the  Carnot  effi¬ 
ciency  increase  of  the  device.  Although  thermoelectric  generators  have  considerable  advantages  over  the 
other  renewable  energy  devices,  low  convergence  efficiency  of  the  device  retains  thermoelectric  devices 
behind  its  competitors.  In  order  to  keep  up  with  the  competition,  improvement  of  device  efficiency 
becomes  crucial  for  the  practical  applications.  The  design  configuration  of  the  device  pin  legs,  lowering 
the  overall  thermal  conductance,  can  improve  the  device  efficiency.  Therefore,  in  the  present  study, 
the  influence  of  pin  leg  geometry  on  thermal  performance  of  the  device  is  formulated  thermodynami¬ 
cally.  In  this  case,  the  exponential  area  variation  of  pin  legs  is  considered  and  dimensionless  geometric 
parameter  ‘a’  is  introduced  in  analysis.  The  influence  of  dimensionless  geometric  parameter  on  efficiency 
and  power  output  is  demonstrated  for  different  temperature  ratios  and  external  load  resistance  ratios.  It 
is  found  that  increasing  dimensionless  geometric  parameter  improves  the  thermal  efficiency  of  the 
device;  however,  the  point  of  maximum  efficiency  does  not  coincide  with  the  point  of  the  maximum 
device  output  power. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Thermoelectric  generators  (TEG)  are  a  solid-state,  which  are 
used  to  convert  thermal  energy  into  electrical  energy.  The  conver¬ 
sion  of  waste  heat  into  electricity  takes  place  in  the  device  pins  due 
to  the  Seebeck  effect.  A  thermoelectric  generator  (TEG)  creates 
voltage  because  of  charge  carriers  in  semiconductor  pins,  which 
are  free  to  move  much  like  gas  molecules  while  carrying  charge 
as  well  as  heat.  A  potential  difference  is  produce  because  of  the 
buildup  of  charge  carriers,  which  result  in  a  net  charge  at  the  cold 
end.  Since  TEG  does  not  contain  any  moving  part  and  no  require 
combustion,  they  can  be  considered  as  one  of  the  alternative 
renewable  energy  resources.  TEG  can  be  used  to  recover  waste  heat 
and  convert  it  into  electrical  power,  which  becomes  important 
with  awareness  of  the  environmental  impact  on  global  climate 
change.  The  TEG  efficiency  depends  upon  the  operating  tempera¬ 
ture,  figure  of  merit,  and  design  configuration  of  the  device.  Geo¬ 
metric  configuration  of  thermoelectric  is  one  of  the  important 
factors  affecting  the  thermal  efficiency  and  the  power  output  of 
thermoelectric  generator.  Therefore,  investigation  of  geometric 
configuration  of  TEG  is  becomes  essential. 
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Considerable  research  studies  were  carried  out  to  examine  ther¬ 
moelectric  device  performance.  Hoder  [1]  studied  the  thermoelec¬ 
tric  generator  characteristics  to  find  the  optimum  arrangements  of 
semiconductor  pellets.  He  discussed  the  effect  of  number  of  pellets 
and  their  heights  on  the  maximum  output  power  and  efficiency  of 
the  thermoelectric  generator.  Yilbas  and  Sahin  [2]  introduced  the 
dimensionless  parameters,  namely,  slenderness  ratio  and  the 
external  load  parameter  to  maximize  the  efficiency  and  the  output 
power  of  a  thermoelectric  generator.  Their  finding  revealed  that 
the  efficiency  attains  high  values  for  the  slenderness  ratio  less  than 
1  for  almost  all  the  cases  considered  in  the  study.  Lavric  [3]  per¬ 
formed  1-D  thermal  analysis  to  investigate  the  thermoelectric  per¬ 
formance  with  respect  to  geometry  for  the  practical  applications. 
She  concluded  that  power  output  depended  on  two  opposite  ef¬ 
fects  including:  (i)  reduction  in  the  leg  length  reduces  the  electric 
resistance  and  (ii)  larger  legs  ensured  the  higher  temperature  dif¬ 
ference  between  the  two  ends  of  the  legs.  Sahin  et  al.  [4]  studied 
the  effect  of  thermoelectric  generator  on  the  performance  of  the 
topping  cycle.  They  showed  that  the  overall  efficacy  of  the  system 
increased  slightly  for  some  range  of  operational  conditions.  The 
thermoelectric  generator  performance  analysis  was  carried  out 
by  Chen  et  al.  [5  .  They  considered  the  fixed  number  of  thermoelec¬ 
tric  elements  of  the  combined  device  in  order  to  optimize  the  sys¬ 
tem  heat  load  and  the  coefficient  of  performance.  They  indicated 
that  the  location  of  the  thermoelectric  device  was  critical  to 


H.  Ali  et  al./ Energy  Conversion  and  Management  78  (2014)  634-640 


635 


Nomenclature 

a 

dimensionless  geometric  parameter 

ter 

electrical  conductivity  ratio 

AM 

exponential  variation  of  area  (m2) 

R 

total  electrical  resistance  (Q) 

Aa 

constant  in  exponential  variation  of  area  (m2) 

Rl 

external  load  resistance  (Q) 

Ah 

area  of  high  temperature  side  (m2) 

Ro 

reference  electrical  resistance  (Q) 

Al 

area  of  low  temperature  side  (m2) 

R\eg 

overall  electrical  resistance  in  leg  (Q) 

Ao 

area  of  rectangular  geometry  of  thermoelectric  genera¬ 

h 

temperature  of  hot  side  (K) 

tor  (m2) 

t2 

temperature  of  cold  side  (K) 

A]? 

area  ratio  of  high  temperature  and  cold  temperature 

Vo 

constant  volume  of  thermoelectric  material  (m3) 

side 

w 

thermoelectric  power  generation  (W) 

I 

electrical  current  (A) 

ZTavg 

dimensionless  figure  of  merit 

k 

thermal  conductivity  (W/m  K) 

a 

total  Seeback  coefficient  (V/I<) 

kn 

thermal  conductivity  of  n-type  semi-conductor  (W/m  K) 

CLp 

seeback  coefficient  of  p-type  semi-conductor  (V/K) 

kp 

thermal  conductivity  of  p-type  semi-conductor  (W/m  K) 

Otn 

seeback  coefficient  of  n-type  semi-conductor  (V/K) 

I< 

overall  thermal  conductivity  of  the  thermoelectric  gen¬ 

n 

efficiency 

erator  (W/K) 

Op 

electrical  conductivity  of  p-type  semi-conductor  (S/m) 

I<0 

reference  thermal  conductivity  for  thermoelectric  gen¬ 

On 

electrical  conductivity  of  n-type  semi-conductor  (S/m) 

erator  (W/K) 

e 

dimensionless  temperature  =  Ti/T2 

L 

length  of  leg  of  thermoelectric  generator  (m) 

Q 

rate  of  heat  transfer  (W) 

Tk 

thermal  conductivity  ratio 

maximize  the  efficiency  of  the  heat  pumps.  Design  and  thermal 
analysis  of  solar  thermoelectric  power  generation  system  was  car¬ 
ried  out  by  Vatcharasathien  et  al.  [6].  They  incorporated  the  trun¬ 
cated  parabolic  collectors  with  a  flat  receiver,  conventional  flat- 
plate  collectors,  and  thermoelectric  power  generator  modules  in 
the  analysis.  The  simulation  study  for  the  performance  analysis 
of  the  thermoelectric  power  generation  with  multi-panels  was  car¬ 
ried  out  by  Suzuki  and  Tanaka  [7].  They  demonstrated  that  the 
proper  arrangements  of  the  thermoelectric  panels  could  shorten 
significantly  the  device  area  despite  the  fact  that  the  output  from 
the  multi-panels  could  decrease  a  few  percent.  Gou  et  al.  [8]  car¬ 
ried  out  experimental  study  for  low  temperature  waste  heat  ther¬ 
moelectric  system.  They  developed  a  mathematical  model  for  the 
system.  They  indicated  that  use  of  the  thermoelectric  generator 
could  save  energy  from  the  low  temperature  waste  heat  system. 
Amatya  and  Ram  [9]  analyzed  the  thermoelectric  generator  for 
practical  applications.  Thermodynamic  analysis  was  presented  to 
predict  the  thermal-to-electric  conversion  efficiency  of  the  genera¬ 
tor.  Weinberg  et  al.  [10]  studied  the  thermoelectric  power  conver¬ 
sion  from  heat  re-circulating  combustion  systems.  They  found  that 
the  efficiency  of  thermoelectric  devices  could  be  improved  for  cer¬ 
tain  arrangements  of  the  locations  of  the  devices  around  the  heat 
transferring  surface.  Freunek  et  al.  [1 1  ]  presented  a  physical  model 
for  a  thermoelectric  generator.  They  investigated  the  influence  of 
heating  conditions  and  load  resistance  on  the  thermoelectric 
power  generation.  Extensive  amount  of  work  has  been  done  in  lit¬ 
erature  [12-20]  for  studying  the  thermodynamic  analysis  of  ther¬ 
moelectric  devices  performance.  In  some  work  the  influence  of 
the  geometric  configuration  on  thermoelectric  devices  is  consid¬ 
ered  [21-28].  However,  the  effect  of  leg  geometry  on  the  perfor¬ 
mance  of  the  thermoelectric  generator  has  received  very  little 
attention.  In  the  present  study,  the  theoretical  analysis  of  thermo¬ 
electric  generator  performance  is  carried  out  by  considering  the  ef¬ 
fects  of  leg  geometry  configuration,  operating  parameters  such  as 
temperature  ratio,  external  load  and  device  resistances.  One 
dimensionless  geometric  parameter  is  introduced  which  defines 
the  effects  of  leg  geometry  on  power  output  and  efficiency  of  ther¬ 
moelectric  generator.  The  study  is  extended  to  include  the  effects 
of  the  device  leg  geometry  on  the  maximum  output  power  and 
the  maximum  efficiency  of  the  thermoelectric  generator.  In  the 
process  of  the  performance  optimization  the  volume  of  the  leg 


material  is  kept  constant.  Thus  the  geometry  of  the  legs  (i.e.  the 
cross  sectional  area  of  the  legs)  is  varied  by  re-distributing 
the  available  constant  amount  of  thermoelectric  material  along 
the  legs  of  the  generator. 


2.  Thermal  analysis 


Consider  the  thermoelectric  element  of  variable  cross  section  as 
shown  in  Fig.  1.  The  properties  of  leg  material  are  assumed  to  be 
temperature  independent  so  that  the  Thomson  effect  is  inherently 
neglected.  After  introducing  the  Dirichlet  boundary  conditions,  the 
efficiency  of  the  thermoelectric  power  generator  with  legs  of  vari¬ 
able  cross-section  (Fig.  1),  can  be  written  as: 


_ ?Rl _ 

a/T,  +K(T,-T2)-lI2R 


0) 


where  I<  is  the  thermal  conductance  and  R  is  the  electrical  resistivity 
of  the  thermoelectric  generator.  The  current  /  is  a  function  of  the  net 
Seebeck  coefficient  a  =  ocp  -  otn  (the  difference  between  the  Seebeck 
coefficient  of  p  and  n  junctions),  the  upper  and  lower  temperature 
(Ti  and  I2),  the  electrical  resistance  R  and  the  external  load  resis¬ 
tance  Rl  as: 


1 - V\A - 1 

Ri 

Fig.  1.  A  schematic  view  of  a  thermoelectric  power  generator  with  variable  cross 
section  legs  (pins). 
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Fig.  2.  A  schematic  view  of  geometric  configuration  of  thermoelectric  generator  leg 
(pin). 


=  a(h  ~  T2) 

rl+r 

Using  the  definition  of  I  in  Eq.  (1),  the  efficiency  becomes: 

_ «2(Ti-T2  )Rl _ 

K(Rl  +  R)2  +  a2T]  (Rl  +  R)  -  la2(T,  -  T2)R 


(2) 

(3) 


The  vertical  length  of  both  p  and  n  type  semiconductor  of  thermo¬ 
electric  generator  is  I.  The  exponential  variation  area  is  considered 
for  both  legs  (Fig.  2)  and  it  can  be  defined  as: 


A(x)  =  A„e( 


(4) 


where  Aa  is  constant  and  a  is  the  dimensionless  geometric  parame¬ 
ter.  Aa  can  be  obtained  through  integrating  the  A(x)  over  the  length 
L  and  keeping  the  volume  of  thermoelectric  material  kept  constant, 
i.e.: 


(5) 


or 


(6) 


One  can  consider  that  V0  =  A0L  where  A0  is  the  area  of  rectangular 
geometry  cross  section  area  as  shown  in  Fig.  2.  After  introducing 
V0 ,  the  Aa  becomes: 


aA0 

(1  -  e~a) 


(7) 


Now  using  Eq.  (7),  in  Eq.  (4)  the  area  A(x)  become: 


m 


_ ^ _ e(-ai ) 

(i  -  e_°) 


(8) 


The  rate  of  heat  transfer  thorough  the  leg  along  x-axis  is  given  by: 

Q  =  (9) 


After  considering  steady  heating  situation  and  isolated  leg  surfaces, 
Eq.  (9)  can  be  written  as: 


Now  after  integration  heat  transfer  rate  (Q.)  becomes: 


Eq.  (1 1 )  indicates  that  the  overall  thermal  conductance  of  the  leg  is: 


_  ka2A0 

,eg  ~  (ea  +  e~a  -  2  )L 


(12) 


Considering  the  two  legs  in  Fig.  1,  the  total  thermal  conductance  of 
the  thermoelectric  generator  can  be  written  as: 


+  ^p)^o 

(efl  +  e~a  -  2 )L 


(13) 


where  kn  and  kp  are  the  thermal  conductivities  of  p- type  and  n-type 
legs  respectively. 

The  overall  electrical  resistance  of  the  leg  can  be  written  as: 


dx 

oA{x) 


(14) 


Substituting  A(x)  from  Eq.  (8)  and  performing  the  integration,  the 
overall  electrical  resistance  can  be  obtained  as: 


D  _  (ea  +  e~a  -  2 )L 
Kleg  ~  &A0o 


(15) 


Similarly,  considering  the  two  legs  the  total  electrical  resistance  of 
the  thermoelectric  generator  becomes: 


R  =  (e°  +  e~a  -  2)1  Son  +  C7P\ 
a2A0  \  onop  ) 


(16) 


where  an  and  ap  are  the  electrical  conductivities  of  p- type  and 
n-type  legs  respectively. 

Introducing  the  following  dimensionless  parameters  such  as: 
Area  ratio: 


Ar  =  -P-  =  e~a 


Dimensionless  figure  of  merit  on  the  average  temperature: 


i+0' 


ZTavg  = 


Temperature  ratio: 

0-T2 

h 

Thermal  conductivity  ratio: 
r 

k~K 


Electrical  conductivity  ratio: 


Reference  thermal  conductance 


(17) 

(18) 

(19) 

(20) 

(21) 


(22) 

Reference  electrical  conductance: 


Ro 


L 

A0c r„ 


(23) 


Dimensionless  overall  thermal  conductance  using  Eqs.  (13),  (17), 
and  (22)  yields: 
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K  _  Q2(l  +  rk)AR 

*o  (Ar  - 1)2  (  j 

Dimensionless  overall  thermal  conductance  using  Eqs.  (16),  (17), 
and  (23)  becomes: 

R  (l+ra)(AR-l)2 

Ro  ra  aiAR  1  j 

Using  the  dimensionless  parameters  in  Eq.  (3),  one  can  get: 

(26) 


The  power  generation  from  the  thermoelectric  power  generation  is 
given  as: 


a  (Dimensionless  Geometric  Parameter) 


w  =  I2Rl 


(27) 


Using  the  Eq.  (2)  i.e.  definition  of  /  in  Eq.  (27),  one  can  get: 
w 

( Rl  +  R f 


(28) 


Using  the  dimensionless  parameter  the  Eq.  (28)the  dimensionless 
power  generation  can  be  written  as: 


W 

W2 


o(i-0)2ZM  i  +  VI)2(|) 

e(1+0)  fr+f)2 

\R o  ) 


(29) 


The  following  material  parameters  have  been  used  in  the  analysis  as 
default  values  to  represent  practical  applications  such  as  skutteru- 
dite  thermoelectric  material: 


rk  =  l,rff  =  1,0  =  0.5  and  ZTavg  =  1.5 

The  ranges  of  operating  parameters  have  been  selected  to  accom¬ 
modate  a  wide  range  of  practical  situations.  Thus  the  following 
ranges  of  operating  parameter  were  considered: 

O<0<1.O 
1  <  Rl/R0  <  10 

-8  <  a  <  +8 


A  computer  code  has  been  developed  using  MATLAB  to  simulate 
characteristics  of  thermoelectric  generator  by  varying  the  geometry 
of  legs  (pins). 


3.  Results  and  discussion 

Thermodynamic  analysis  of  thermoelectric  power  generator  is 
carried  out  to  examine  the  influence  of  thermoelectric  generator 
leg  geometric  configuration  on  thermal  efficiency  and  output 
power  of  the  device.  The  area  of  thermoelectric  generator  leg  is 
varied  exponentially  while  keeping  the  legs  height  and  their  vol¬ 
ume  constant  in  the  formulations.  The  main  purpose  of  the  present 
work  is  to  show  how  the  performance  of  the  thermoelectric  gener¬ 
ator  can  be  improved  by  varying  the  geometry  of  the  legs  without 
changing  the  amount  of  thermoelectric  material  used  in  the  gener¬ 
ator.  The  height  of  the  generator  is  also  kept  constant  and  therefore 
the  constant  amount  of  the  thermoelectric  material  is  distributed 
in  the  vertical  direction  along  the  legs  of  the  generator  in  an  opti¬ 
mal  way  so  that  the  performance  of  the  thermoelectric  generator 
possibly  becomes  the  maximum.  The  geometric  parameter  “a”  in 
Eq.  (4)  can  be  varied  to  obtain  different  geometries  of  the  thermo¬ 
electric  generator  legs.  Parameter  a  =  0  corresponds  to  the  uniform 
cross-sectional  area  legs  and  the  sign  (+  or  -)  in  from  of  the  param- 


Fig.  3a.  Variation  of  thermal  efficiency  with  dimensionless  geometric  parameter  (a) 
for  different  values  of  external  load  ratio  ( RL/R0 )  and  temperature  ratio  9  =  0.5. 


a  (Dimensionless  Geometric  Parameter) 

Fig.  3b.  Variation  of  thermal  efficiency  with  dimensionless  geometric  parameter  (a) 
for  different  values  of  external  load  ratio  ( RLIR0 )  and  temperature  ratio  6  =  0.1. 


Fig.  4.  Three-dimensional  view  of  thermal  efficiency  variation  with  dimensionless 
geometric  parameter  (a)  and  temperature  ratio  ( 6 )  for  RLIR0  =  10. 


eter  “a”  provides  increasing  or  decreasing  trend  of  the  cross-sec¬ 
tional  area  along  the  legs.  Wide  range  of  values  for  the 
parameter  “a”  is  considered  to  accommodate  variety  of  practical 
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cases.  Changing  the  sign  of  parameter  “a”  simply  means  turning 
the  pins  upside  down. 

Fig.  3  shows  the  variation  of  thermal  efficiency  with  dimension¬ 
less  geometric  parameter  (a)  for  different  values  of  external  load 
ratio  ( Rl/R0 )  while  Fig.  4  shows  three-dimensional  view  of 
efficiency  variation  with  geometric  parameter  (a)  and  temperature 
ratio  (6).  The  curves  behaves  symmetric  along  “a  =  0”.  It  should  be 
noted  that  the  slope  of  the  leg  profile  changes  for  the  values  of  a  >  0 
and  a  <  0  (Eq.  (8)).  As  the  external  load  ratio  increases,  the  location 
of  the  maximum  efficiency  shifts  towards  the  small  values  of 
dimensionless  geometric  parameter.  This  behavior  is  attributed 
to  non-linear  behavior  of  thermal  efficiency  with  geometric 
parameter  (Eq.  (26)).  In  this  case,  geometric  parameter  is  incorpo¬ 
rated  with  the  leg  (pin)  resistance  (Eq.  (16)).  Consequently,  varying 
the  leg  resistance  influences  thermal  efficiency  such  that  efficiency 
reaches  to  its  maximum  when  the  resistance  reduces  to  its  mini¬ 
mum  value.  However,  reducing  external  load  ratio  does  not  influ¬ 
ence  the  maximum  value  of  thermal  efficiency,  provided  that 
further  reduction  in  external  load  ratio  lowers  the  maximum  value 
of  thermal  efficiency,  i.e.  the  values  of  RLIR0  <  3  reduce  thermal  effi¬ 
ciency  considerably.  In  addition,  geometric  parameter  correspond¬ 
ing  to  the  maximum  efficiency  remains  the  same  at  a  =  0  for 
RLIR0  <  3.  This  corresponds  to  the  parallel  sided  legs  (pins)  of  the 
thermoelectric  generator.  Therefore,  thermoelectric  generator 
operating  at  external  load  parameter  RLIR0  <  3  should  be  have 
parallel  leg  configuration.  In  the  case  of  temperature  ratio  (0),  the 
maximum  efficiency  attains  high  values  at  low  value  of  tempera¬ 
ture  ratio.  Increase  in  thermal  efficiency  is  associated  with  increas¬ 
ing  Carnot  efficiency  of  the  thermoelectric  device.  Therefore, 
increased  Carnot  efficiency  improves  the  maximum  efficiency  of 
the  thermoelectric  generator.  Temperature  ratio  does  not  influence 
the  behavior  of  thermal  efficiency  variation  with  geometric  param¬ 
eter  (a),  except  the  values  of  thermal  efficiency  changes.  Conse¬ 
quently,  thermal  efficiency  of  the  thermoelectric  generator 
improves  significantly  with  modifying  leg  geometry.  This  is  true 
for  high  values  of  external  load  ratio,  which  is  more  pronounced 
for  low  values  of  temperature  ratio.  It  can  be  observed  from 
Fig.  3  that  reducing  temperature  ratio  increases  the  maximum  va¬ 
lue  of  thermal  efficiency  and  the  corresponding  value  of  geometric 
leg  parameter  changes  with  varying  temperature  ratio.  Fig.  5  also 
shows  variation  of  thermal  efficiency  with  temperature  ratio  for 
external  load  ratio  RLIR0=  10  and  geometric  leg  parameter 
a  =  3.99  at  which  the  maximum  thermal  efficiency  occurs.  Thermal 
efficiency  decreases  with  increasing  temperature  ratio  and  this  de¬ 
crease  is  in  a  nonlinear  form  (Eq.  (24)). 


0 

Fig.  5.  Variation  of  maximum  thermal  efficiency  with  dimensionless  temperature 
ratio  for  external  load  ratio  of  RLIR0  =10. 


a  (Dimensionless  Geometric  Parameter) 

Fig.  6a.  Variation  of  dimensionless  output  power  with  dimensionless  geometric 
parameter  (a)  for  different  values  of  external  load  ratio  ( RL/R0 )  and  temperature 
ratio  9  =  0.5. 


a  (Dimensionless  Geometric  Parameter) 


Fig.  6b.  Variation  of  dimensionless  output  power  with  dimensionless  geometric 
parameter  (a)  for  different  values  of  external  load  ratio  ( RJRq )  and  temperature 
ratio  6  =  0.1. 


Fig.  7.  Variation  of  dimensionless  power  output  with  dimensionless  geometric 
parameter  and  dimensionless  temperature  for  external  load  ratio  of  RJRo  =  10. 


Fig.  6  shows  dimensionless  power  (W//C0T2)  with  geometric  leg 
parameter  for  various  values  of  external  load  ratio  while  Fig.  7 
shows  three-dimensional  view  of  dimensionless  power  with  geo¬ 
metric  leg  parameter  and  dimensionless  parameter.  Dimensionless 
power  attains  its  maximum  value  for  geometric  leg  parameter 
a  =  0  and  it  decays  almost  exponentially  with  increasing/decreas- 
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Fig.  8.  Variation  of  maximum  dimensionless  output  power  with  temperature  ratio 
for  external  load  ratio  of  RLIR0  =  10. 


ing  values  of  a.  This  behavior  is  attributed  to  the  influence  of  geo¬ 
metric  leg  parameter  on  the  device  output  (Eq.  (29)),  since  the  geo¬ 
metric  leg  parameter  is  associated  with  the  leg  resistance  (R).  In 
this  case,  the  maximum  output  power  is  inversely  proportional 
to  the  leg  resistance,  i.e.  reducing  leg  resistance  results  in  increas¬ 
ing  device  output  power.  In  addition,  the  influence  of  external  load 
ratio  on  the  device  output  power  is  in  a  nonlinear  form.  Conse¬ 
quently,  the  maximum  power  increases  to  reach  its  peak  value 
for  external  load  parameter  of  Rl/R0  =  2.  Moreover,  further  increase 
in  external  load  parameter  causes  decay  of  the  magnitude  of  the 
maximum  output  power.  This  nonlinear  behavior  can  also  be  ob¬ 
served  from  Eq.  (29).  The  value  of  the  maximum  output  power  in¬ 
creases  with  reducing  temperature  ratio  ( 9 ).  It  should  be  noted  that 
reducing  temperature  ratio  increases  temperature  difference 
across  the  device  legs.  This,  in  turn,  increases  both  thermal  effi¬ 
ciency  and  output  power,  since  the  Carnot  efficiency  of  the  device 
improves  for  low  values  of  temperature  ratio.  This  can  be  observed 
from  Fig.  8,  in  which  output  power  with  temperature  ratio  is 
shown  for  external  load  ratio  of  RlIR0  =  10.  This  behavior  is  also 
seen  from  three-dimensional  view  of  device  output  power  varia¬ 
tion  as  shown  in  Fig.  7.  The  geometric  leg  parameter  resulting  in 
the  maximum  efficiency  does  not  yield  the  maximum  device  out¬ 
put  power.  This  indicates  that  the  occurrence  of  the  maximum 
thermal  efficiency  does  not  correspond  to  the  occurrence  of  the 
maximum  output  power.  This  can  be  seen  from  Fig.  9,  in  which 
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Fig.  9.  Variation  of  efficiency  and  dimensionless  output  power  with  geometric  leg 
parameter  (a)  for  external  load  ratio  of  RLIR0  =  10. 


variation  of  thermal  efficiency  and  output  power  of  the  device  with 
geometric  leg  parameter  is  shown  for  external  load  ratio  RlIR0  =  10. 
This  situation  also  varies  for  different  values  of  the  external  load 
ratio.  Hence,  when  operating  the  device  the  care  must  be  taken 
to  secure  the  maximum  output  power  with  the  highest  corre¬ 
sponding  thermal  efficiency  of  the  device.  The  operating  parame¬ 
ters,  therefore,  are  closely  associated  with  the  geometric  features 
of  the  device  legs.  Although  temperature  ratio  has  significant  effect 
on  thermal  efficiency  and  output  power  of  the  device,  this  effect 
does  not  change  for  different  configuration  of  leg  geometric  param¬ 
eter.  Consequently,  external  load  ratio  is  closely  associated  with 
thermal  efficiency  and  output  power.  In  this  case,  variation  of  the 
external  load  ratio  requires  alteration  of  geometric  configuration 
of  the  device  legs  to  achieve  the  maximum  thermal  efficiency  or 
the  maximum  output  power  of  the  device. 

4.  Conclusions 

Influence  of  geometric  configuration  of  thermoelectric  power 
generator  legs  on  thermal  efficiency  and  output  power  of  the  de¬ 
vice  is  investigated.  Thermodynamic  analysis  is  presented  to  for¬ 
mulate  the  device  performance  characteristics.  The  operating 
parameters  including  external  load  ratio  ( RLIR0 )  and  temperature 
ratio  (0)  are  incorporated  in  the  analysis.  A  computer  code  is  devel¬ 
oped  to  simulate  and  demonstrate  the  effect  geometric  leg  param¬ 
eter  on  thermal  efficiency  and  output  power  of  the  device  for  a 
bismuth  telluride  (Bi2Te3)  power  generator.  It  is  found  that  geo¬ 
metric  leg  parameter  influence  significantly  device  thermal  effi¬ 
ciency  which  is  more  pronounced  with  external  load  ratio  ( RL/R0 )• 
Increasing  external  load  ratio  enhances  thermal  efficiency  of  the 
thermoelectric  generator;  in  which  case,  varying  external  load  ra¬ 
tio  modifies  the  value  of  corresponding  geometric  leg  parameter 
for  the  maximum  thermal  efficiency.  Thermoelectric  device  paral¬ 
lel  pin  geometry  (a  =  0)  results  in  the  maximum  thermal  efficiency 
for  low  values  of  external  load  ratio.  As  the  external  load  ratio  in¬ 
creases,  the  corresponding  leg  geometric  parameter  becomes  a  >  0 
or  a  <  0  for  the  maximum  thermal  efficiency.  Reducing  tempera¬ 
ture  ratio  enhances  the  Carnot  efficiency  of  the  thermoelectric  de¬ 
vice.  This,  in  turn,  enhances  thermal  efficiency  of  the  device; 
however,  the  influence  of  temperature  ratio  on  leg  geometric 
parameter  maximizing  thermal  efficiency  is  insignificant.  The  max¬ 
imum  output  power  of  the  thermoelectric  device  takes  place  at 
a  =  0,  which  corresponds  to  the  parallel  leg  geometry  of  the  device, 
for  all  values  of  external  load  ratio.  The  influence  of  external  load 
ratio  on  the  device  output  power  is  significant;  in  which  case, 
increasing  external  load  parameter  first  increases  output  power 
and  further  increase  in  external  load  ratio  lowers  the  device  output 
power.  Temperature  ratio  influence  significantly  the  magnitude  of 
the  device  output  power;  in  this  case,  reducing  temperature  ratio 
enhances  output  power.  The  occurrence  of  the  maximum  thermal 
efficiency  does  not  correspond  to  the  occurrence  of  the  device 
maximum  output  power  for  a  specific  value  of  geometric  leg 
parameter.  Consequently,  a  care  must  be  taken  to  select  external 
load  parameter  such  that  thermal  efficiency  remains  the  maximum 
while  output  power  is  high  during  the  operation  for  a  given  geo¬ 
metric  leg  configuration. 
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